We report our experience of pulmonary valve replacement in animals with large right ventricular outflow tracts (RVOTs) using a percutaneous approach. We intended to implant a device to percutaneously reduce the diameter of the pulmonary artery (PA). Following its insertion, we intended to implant a valved stent inside the restriction. Animals were killed acutely (group 1, n ϭ 6) and after a mean follow-up of 1 (group 2, n ϭ 3) and 2 mo (group 3, n ϭ 9). In group 1, all reducers were successfully deployed and allowed the reduction of the PA to a diameter of 12-mm. In one animal, the proximal part of the reducer did not reach its final configuration. Another reducer embolized when manipulating the stiff wire. The insertion of valves was therefore possible in 17/18 animals. One animal died from an arrhythmia during positioning of the valve. Angiographic evaluations showed no leak between devices and the pulmonary wall. During the follow-up, there was no device migration. At autopsy, reducers were fixed to the pulmonary wall and completely covered by a fibrous tissue. In conclusion, with the use of an intravascular reducer, implantation of a pulmonary valve is possible in sheep through a transcatheter approach when the RVOT exceeds 22-mm in diameter. E arly clinical human experience of transcatheter pulmonary valve replacement (PVR) has been reported recently (1-4). The device used for that application is a biologic valve harvested from the bovine jugular vein (Medtronic Inc) and mounted in a balloon expandable vascular stent (Numed, Inc). Due to valve availability, indications in humans are presently restricted to patients with a right ventricular outflow tract (RVOT) that does not exceed 22-mm in diameter. Unfortunately, most of the indications to pulmonary valve replacement are encountered in patients who underwent transannular patch repair of tetralogy of Fallot during infancy and who have pulmonary trunks that often exceed 30-mm in diameter. This makes PVR technically impossible with the current approach and valve design (5). To broaden the indications of PVR, we recently reported two approaches to reduce the diameter of the pulmonary artery to the available valve diameter. Firstly, we imagined and described a hybrid approach involving both surgeons and cardiac interventionists where the first step was to surgically perform a pulmonary artery (PA) banding which could be followed by an off-pump PVR (6). Similar approach has been recently applied in humans by others (7-8). Secondly, we designed and recently reported the use of a preshaped self-expandable stent in a shape of a conduit with a central restriction of its diameter (9). Despite excellent preliminary results, several limitations to the study were noticed and prompted us to modify the device. Indeed, the anatomy of the RVOT varies greatly between patients making appropriate deployment of a 5.5-cm long device very unlikely. To encompass these difficulties and to reduce the invasiveness of the hybrid approach, this device was modified to make it implantable in the large majority of patients regardless of size and shape of PA. We then reported the use of a modified "pulmonary artery reducer" for PA banding (10). We report here our experience with the use of a similar device in another application. The aim of the study was to test this new device as to insert a pulmonary valve in sheep that have a pulmonary trunk of at least 25-mm in diameter.
arly clinical human experience of transcatheter pulmonary valve replacement (PVR) has been reported recently (1) (2) (3) (4) . The device used for that application is a biologic valve harvested from the bovine jugular vein (Medtronic Inc) and mounted in a balloon expandable vascular stent (Numed, Inc). Due to valve availability, indications in humans are presently restricted to patients with a right ventricular outflow tract (RVOT) that does not exceed 22-mm in diameter. Unfortunately, most of the indications to pulmonary valve replacement are encountered in patients who underwent transannular patch repair of tetralogy of Fallot during infancy and who have pulmonary trunks that often exceed 30-mm in diameter. This makes PVR technically impossible with the current approach and valve design (5) . To broaden the indications of PVR, we recently reported two approaches to reduce the diameter of the pulmonary artery to the available valve diameter. Firstly, we imagined and described a hybrid approach involving both surgeons and cardiac interventionists where the first step was to surgically perform a pulmonary artery (PA) banding which could be followed by an off-pump PVR (6) . Similar approach has been recently applied in humans by others (7) (8) . Secondly, we designed and recently reported the use of a preshaped self-expandable stent in a shape of a conduit with a central restriction of its diameter (9) . Despite excellent preliminary results, several limitations to the study were noticed and prompted us to modify the device. Indeed, the anatomy of the RVOT varies greatly between patients making appropriate deployment of a 5.5-cm long device very unlikely. To encompass these difficulties and to reduce the invasiveness of the hybrid approach, this device was modified to make it implantable in the large majority of patients regardless of size and shape of PA. We then reported the use of a modified "pulmonary artery reducer" for PA banding (10) . We report here our experience with the use of a similar device in another application. The aim of the study was to test this new device as to insert a pulmonary valve in sheep that have a pulmonary trunk of at least 25-mm in diameter.
METHODS
Device preparation for downsizing the diameter of the pulmonary trunk. We designed and developed a self-expandable stent constructed from a single 0.22-mm nitinol wire in the shape of a conduit with a central restriction of its diameter (AMF, France). To shorten the device, both extremities are curved backwards to the central restriction, each part staying parallel and side-by-side as shown on Fig. 1 . To guarantee the perfect sealing, we sutured a 0.1-mm PTFE membrane (AMF, France) with a 4.0 propylene thread on the inner side of the device (Fig. 1) . The overall lengths of the deployed and crimped device are respectively 2 and 5.5-cm. To avoid the embolization of the reducer and the valved stent, spontaneous diameters of external and internal parts were carefully selected. We designed a reducer with extremities and central restricted part having a diameter of 35 and 15-mm respectively. We estimated that an over sizing of the device by 5 to 10-mm would enhance the mechanical fixation to the pulmonary wall. Similarly, the diameter of the central part was chosen 7-mm smaller than the valve to be inserted because we hypothesized that, be widening this restricted part, the balloon expandable stent would 1/ constrain the external part of the reducer adding forces to hold the reducer in place; and 2/ enhance the mechanical fixation between self and balloon expandable stents.
Preparation of the valved stent for pulmonary valve replacement. The valved stent was prepared as previously reported with the use of a 22-mm bovine jugular venous valve mounted in a balloon expandable CP stent (Numed Inc, Hopkinton, USA) (5). Valves were obtained from the slaughterhouse and constructed as a Melody valved stent (Medtronic Inc, Minneapolis, USA). Bicuspid and tricuspid valves were used for this experiment. All valved devices were stored in a glutaraldehyde solution until insertion.
The delivery system. The delivery system consists of a front-loading long sheath, premounted with a 22-mm BiB (balloon in balloon) catheter (Numed Inc., Hopkinton, USA). Even though balloons are not necessary for nitinol stent deployment, the same delivery systems were used for balloon and self-expandable stents.
Repartition of the animals. Eighteen sheep weighing 55 to 80 kg were included. Animals were divided into three groups regarding the duration before sacrifice. We intended to implant a PA reducer as a first step, immediately followed by the insertion of a 22-mm biologic valve. Animals from groups 1 (6 animals), 2 (3 animals) and 3 (9 animals) were killed, respectively, just after valve implantation and after a follow-up of one or two months.
Percutaneous reduction of the diameter of the pulmonary trunk. Animals underwent catheterization for transcatheter implantation of a biologic valve in pulmonary position under general anesthesia. Anesthesia was induced with 10 mg/kg of thiopental and maintained with halothane in mechanically ventilated sheep. Cardiac and respiratory functions were monitored throughout the procedure. The right jugular vein was prepared for catheterization. Heparin (100 UI/kg) was administrated once during the procedure. Animals from groups 2 and 3 did not receive any long-term anticoagulation. All animals were treated according to the European regulations for animal experimentation (11) . The study was approved by a local ethical committee for animal care (INRA, France).
Through the right jugular vein, a 5-French right Judkins coronary catheter (Cordis, Issy les Moulineaux, France) was advanced in the distal right PA. Through this catheter, a 0.035" extra-stiff guide wire (Amplatzer, Golden Valley, USA) was positioned distally. The reducer was loaded into the delivery system (Numed Inc., Hopkinton, USA), inserted over the previously positioned wire and advanced into the PA. The distal part was deployed by pulling on the external sheath while maintaining the dilator in position. To make the distal part fully configured (i.e., applied to the pulmonary wall and surrounded by the distal part of the delivery system), the delivery system was pushed forward while holding the whole system together. The central part is subsequently uncovered, followed by the proximal part of the reducer. Its final configuration was obtained by pulling on the delivery system while maintaining the wire position. After the complete delivery of the reducer, the delivery system was retrieved leaving the device and the wire in position. The reducer was placed as close as possible to the native pulmonic valve. In vitro views of the deployment are provided in Fig. 2 and 3 .
Percutaneous pulmonary valve replacement. The valved stent preloaded in a delivery system was advanced over the same wire and delivered as previously described inside the reducer (5). Briefly, while in position, the valved stent was deployed within the restricted part of the previously placed reducer by inflating the balloon of the delivery system. The balloon was then rapidly deflated and the delivery system retrieved leaving the device in position. Since radio-opacity of the reducer was used to position the valved stent, no injection of dye contrast was necessary during the positioning and delivery of the valve.
Cardiac catheterization and testing of the implanted devices. Right heart pressures (i.e., RV and PA) were obtained before and after valvular implantation to determine the gradient across devices. No measurements were performed after insertion of the PA reducer to avoid any adverse mobilization of the device. Angiographic evaluation consisted of a PA injection distal to devices and a RV angiography to look for any paraprosthetic leak. Angiograms were performed using a marked pigtail catheter at two occasions: 1/ before the procedure to define the anatomy of the RVOT and to measure the size of the pulmonary trunk; and 2/ after the insertion of the valved stent to confirm the appropriate position and sealing of the reducer. Diameters were measured according to the markers of the pigtail catheter. Angiographic and hemodynamic studies were repeated before sacrifice of the animals. The study was not undertaken to appreciate the long-term function of the implanted valve but the long-term function of the reducer. 
PERCUTANEOUS INSERTION OF PULMONIC VALVE
Graft retrieval. Grafts were explanted just after valve insertion in animals from group 1, one and two months after the initial procedure in animals from groups 2 and 3. Animals were killed and the thoracotomy was performed thereafter. In a subgroup of animals (2 in each group), a left thoracotomy was performed before the sacrifice to look for the device with a beating and filled heart. Before harvesting, heparin (300 UI/kg) was given i.v. The heart and the lungs were retrieved in one block. The PA vascular tree was examined to determine the position of devices in relation to the pulmonic valve annulus. Devices were then harvested with a section of the PA, and rinsed to remove excess intraluminal blood. All devices were inspected macroscopically.
RESULTS
Insertions of devices in animals from group 1. Data are reproduced in Table 1 . The mean size of the pulmonary trunk was 28-mm ranging from 26 to 30-mm. All reducers were successfully implanted. As expected, the mean diameter of the inner part of the reducer was 13.4-mm (range, 12-15-mm) whereas the external part measured 32.6-mm (range, 30 -34-mm). In one animal, we delivered the proximal disk underneath the pulmonary valve. We, therefore, did not attempt to fully deploy the device to avoid slippage of the device into the right ventricle during its final configuration. As a result, the proximal part remained in its deployed position not parallel to the tubular part, which was more restricted than expected. It was, however, possible to deliver the valved stent inside this tubular portion, which resulted in a complete opening of the restriction (Fig. 4) . In one animal, we lost the wire position during the advancement of the valved stent. The reducer embolized when we tried to reposition the stiff wire without retrieving the delivery sheath. Elsewhere, the insertion of valved stents was always possible without any problem or complication (Fig. 5) . The placement did not require any injection of contrast dye since the reducer acted as a marker. After insertion, the inner part of the reducer was easily expanded at a mean of 21.5-mm (range, 21-22-mm).
Insertion of devices in animals from chronical groups (2 and 3). Characteristic and hemodynamic data of animals from groups 2 and 3 are shown respectively in Tables 2 and 3 . The mean size of the main pulmonary artery was 27.4-mm, ranging from 25 to 30-mm. All reducers were delivered in the appropriate position. The diameter of the external part of the reducer was 30.8-mm (range, 27-34-mm). All valved stents were delivered successfully within the infundibulum reducer (n ϭ 12). There was no early or late device migration. After insertion, the mean diameter of the inner part of the reducer increased from 11.2 (range, 10 -12-mm) to 21.8-mm (range, 21-22-mm). One animal had an arrhythmia during positioning of the valved stent. Balloon inflation/deflation was rapidly performed and followed by the retrieval of the delivery system. The arrhythmia was intractable and the animal died despite cardioversion. Autopsy showed a good position of both the reducer and the valved stent. No significant damage was found during inspection (no ventricular traumatism, thoracic bleeding, or hemopericarditis etc . . .). Hemodynamic data (n ‫؍‬ 16). Animals with device embolization (n ϭ 1) and arrhythmia (n ϭ 1) had no hemodynamic assessment following the procedure. Hemodynamic assessment in the remaining animals showed a mean systolic transprosthetic gradient of 9.9-mm Hg (n ϭ 16) and 11.1-mm Hg ranging from 5-24-mm Hg (n ϭ 11) respectively during acute and chronic evaluation (Tables 1-3 ). The ratio between the RV and aortic pressures was less than 35% in all animals. Acute and chronic angiographic evaluations revealed that the implants were in the desired position except in one animal from group 1 with the incomplete configuration of the device. These evaluations confirmed the sealing of the devices, showing no leak between devices and the pulmonary wall (Fig. 6) . No stent fracture was observed.
Sacrifice. A planned sacrifice was performed in 16 out of 18 animals. One animal from group 1 had a device embolization, and one assigned to the group of two-month follow-up unexpectedly died during valvular insertion. Elsewhere, animals were killed as planned: after a mean time of one hour in animals from group 1 and 1.7 mo after insertion (0.8 -2.2 mo) in animals from chronic groups. In group 1, coagulated blood was trapped between the different parts of the reducer and the vascular wall. In chronic groups (groups 2 and 3, n ϭ 11/12), all reducers were fixed to the pulmonary wall and completely covered by a fibrous tissue (Fig. 7) . Small hematomas were found on the outer layer of the pulmonary wall but no perforation or blood extravasation was noticed. The valved stent was in good position within the restricted part of the nitinol stent. Valve leaflets were thin and perfectly mobile in acute group as well as in chronic implantations except in one animal where leaflets were thick and calcified.
DISCUSSION
Patients who underwent transannular patch repair of Tetralogy of Fallot during infancy usually have pulmonary trunks that exceed 30-mm in diameter, making the current transcatheter approach technically impossible (1) (2) (3) (4) (5) (12) (13) (14) . Trying to resolve this problem, we have investigated 2 different approaches to reduce the size of the PA trunk: 1/ externally with the help of the surgeon, and 2/ internally using an endovascular approach. We designed a self-expandable stent with two different diameters. To reduce the length of the device and allow for appropriate insertion in most patients, both stent extremities were designed to make a "U" turn or a 180°loop coming back to the middle of the restricted part of the device and in parallel with it. The diameter of the middle part was reduced to 15-mm to increase anchoring property. As a result, the implantation of a valved stent inside this central part has 2 advantageous effects. First, the nitinol stent tending to recover 
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its diameter adds some dynamic support to hold the valved stent in place. Second, the balloon expandable stent having more strength, the opening of the restricted part tends to constrain the external part, adding forces to hold the reducer against the vascular wall. We encountered only one embolization. This complication was more procedural-related than device-related. Indeed, the device was stable just after its insertion but during valve placement, we adversely lost the position of the stiff wire while advancing the valved stent. We tried to reposition the stiff wire without retrieving the delivery system. The device embolized during this maneuver. However, the occurrence of the embolization in the animal with the largest PA diameter of the series is not a hazard. It is highly probable that, beyond the procedural problem, the choice of the reducer was incorrect and that this animal would have required a larger device. It is certain that anchorage to the pulmonary wall is superior with the use of a larger device. However, a big discrepancy could be more deleterious than advantageous and hamper the deployment of the reducer. As shown in one animal of the series, the partial deployment of the proximal part had no impact on valve insertion and function. However, the use of a device that is between 5 to 10-mm larger than the PA diameter is probably the good choice but this should be precised with more experimental studies. The elasticity and diameter variation of the PA during cardiac cycle make the precise determination of the accurate diameter of devices more complex. In this preliminary work, only one size of device was available but this self-expendable stent can be manufactured to larger or smaller diameters to encompass all clinical situations. Even if we did not investigate the possibility to implant the valve as a one-step procedure with the implant being sutured inside the tubular part of the reducer, this is clearly a very reliable approach that needs to be explored. However, two limitations should be noticed here. First, because the device is chosen larger in diameter than the PA with a central part being reduced to 15-mm, it is difficult to predict the exact diameter of the central part where the valve would be sutured. This would need modification of the device with adjustment of the diameter of the central part. Second, the use of a balloon expandable stent is of interest adding some strength to hold the whole system in position and allowing precise and predictable expansion of the valve without any geometrical distortion. Limitations to the study and unanswered questions. Since the aneurismal dilatation of the RVOT as seen in Fallot patients appears late after surgical repair, similar setting was impossible to achieve in animals and only animals with normal RVOT were studied. However, there should be no differences in the deployment of the device. With longer devices as reported with the first generation infundibulum reducer (7), it was obvious that, in a nonsymmetrical environment, the deployment could be hampered. However, with the present design, it is very unlikely. The shortness of the device, that is only 2-cm long, makes this design, at least theoretically, usable in all clinical settings. The precise placement of the device was difficult in the animal setting since we needed to impinge the function of the native pulmonic valve. In humans, this should be easier since it is indicated in patients with nonfunctioning pulmonary valve. The implantation of the reducer permitted the reduction of the PA diameter to the desired diameter without any clinically unacceptable elevation of right ventricular pressure. If in the same range, this elevation would be tolerated clinically in humans. However, it is likely that in clinical practice, one need to reduce the diameter of the pulmonary trunk by a ratio of two with a theoretical risk of creating a significant elevation of RV pressure. In those patients, it is obvious that the use of the largest biologic valve available is preferable since it would provide a greater valve area and less reduction of pulmonary artery diameter. Bovine jugular valves were used for these experiments because we used them in the past for our research on valvular implants but it is clear that the described pulmonary artery reducer can support any biologic valve. The only limitation is the possibility to reduce the thickening of the biologic valve enough to allow its insertion through a transcatheter course.
In conclusion, we report the design of a new selfexpandable stent to percutaneously reduce the pulmonary artery to a diameter that allows for subsequent PVR through a transcatheter technique. If applicable in humans, the use of this reducer will lead to a considerable extension of the 
